Autoregulation of symbiotic root nodulation in soybean seedlings (Glycine max L. Merrill cv Pride 216) was studied following double inoculation of primary roots with Bradyrhizobium japonicum 110. When the second inoculation was given 10 or 17 hours after the first, the nodulation in the first-inoculated region of the root was suppressed. The effect was eliminated if B. japonicum 110 containing Tn5 insertions in the 'common' nod ABC genes was used for the second inoculation, indicating the requirement for changes in the root mediated by these bacterial genes. When the root cortex in the suppressed basal region was examined 3 days after inoculation, cell division centers were present in numbers not significantly different from the numbers in contrQl roots given a sham second inoculation; their size distribution, however, showed a failure of enlargement compared with controls.
Feedback suppression of symbiotic root nodulation ('autoregulation') was discovered in 1952 by Nutman in red clover ( 16) and has since been demonstrated in several other legume plants (see 19 for review). Nutman interpreted it as an inhibition of new nodule production by already established nodules on the root, because surgical excision of established nodules or nodule meristems allowed additional nodulation (16) . Split-root techniques have since been used (12) to demonstrate the systemic nature of the response in soybean plants (Glycine max L. Merrill). Grafting experiments with soybeans have shown that feedback suppression requires the normal shoot, since the response is lost when a mutant shoot which lacks the normal nodulation control ('supernodulating') is substituted for the normal one (8, 17) .
Double inoculation experiments carried out by Pierce and Bauer (18) showed that feedback suppression was actually a plant response which could not be explained by limitation of the number of infective bacteria. Their experiments demonstrated that a second inoculation 15 h after the first produced virtually no nodules, provided that the bacterial concentration in the first inoculum was optimized for nodule yield.
The present investigation was undertaken to determine the basis for the observation (22) that very early feedback regulation appears to control the nodulation not in the apical region but instead in the basal region of the root, which is initially most susceptible to infection by the bacteria (1, 2) . This region is the first one inoculated in double inoculation protocols. The number of nodules which appeared in this region was greatly reduced when a large second inoculum was given 10 h after the first inoculum (22) . This result was not 865 observed by Pierce and Bauer (18) , whose protocol for double inoculation was different. Two questions were therefore asked: (a) Did the effect require the 'common' nod genes in B. japonicum which are responsible for nodulation? If so, it would indicate that the effect depended on specific gene expression and was not due to nonspecific phenomena incidental to the double inoculation protocol, e.g. displacement of the first inoculum by the second. This was evaluated with strains of B. japonicum containing TnS insertions in the nod ABC genes (13) . (b) Did the deficiency of nodules result from failure of CDC' initiations in the first-inoculated region of the root, or from altered (suppressed) development of CDCs in that region? The first result would indicate that the second inoculum caused a very early, preinfective change in the interactions between the root and bacteria. The second result would be in accord with explanations for localized nodulation which require progressive changes in the root following the induction of CDCs (4, 19) .
MATERIALS AND METHODS
Procedures for growing soybean seedlings (Glycine max L. Merrill cv Pride 216) as well as for culturing Bradyrhizobium japonicum 110 followed those already described (22) . In most experiments, B. japonicum 110 spc 4+ (13) was used instead of the B. japonicum 110 ARS+ used previously, since it was the parent strain used to construct Nod-mutants (13) and served as an isogenic Nod' control. Two Nod-mutants, nod A2 (nod A::Tn5) and nod C (nod C::Tn5) were used. Bacteria were grown for 25-27 h (A620 -0.75-0.85) and were diluted to the desired inoculum concentration with the same nitrogenfree medium that was used to support seedling growth in the plastic pouches. Double inoculations were carried out by dripping 0.5 mL of inoculum directly on the root from a plastic pipet. The first inoculum was applied to the tip of the root (RT1) and continuously dripped basally from that point back to the region of root hairs. The second inoculum was applied to the region of the root which extended from RT2 basally to the original region of root hairs basal to RT1. Thus, the first region received extra inoculum at the time the second region was inoculated.
Marks showing the locations of nodules on the primary roots, as well as reference marks showing the positions of the 'Abbreviations: CDC, cortical cell division center; RT 1, site of the root tip at the time of the first inoculation; RT2, site of the root tip at the time of the second inoculation; RDU, relative distance unit. Small deviations in the RDUs between different experiments will cause small shifts in the nodulation profiles, but, since different profiles are in register at RT 1, the shifts in relative nodule locations become significant only as the distance from RT1 increases. Since the nodulation frequency approaches zero at large distances from RT 1, shifts between profiles may be disregarded in making comparisons.
CDCs were investigated according to the procedure of Calvert et al. (6) . Root pieces, one RDU long, in the region corresponding to the no root hair zone above RT 1, were excised and fixed with 3% formaldehyde or glutaraldehyde in 50 mM phosphate buffer (pH 7.2). After dehydration and embedding in paraffin, serial longitudinal sections were cut at 10 ,m and stained with safranin-fast green. The entire root piece was scored for CDCs. No distinction was made between 'actual infections' and 'pseudoinfections' (6) because actual penetration by rhizobia into the root was not evaluated. Each CDC was mapped and tracked through the serial sections, and the size was estimated by counting the number of sections which continuously intercepted it.
RESULTS

Effectiveness of Nod-Mutants
Two different Tn5 insertion mutants in the 'common' nod ABC gene region of Bradyrhizobium japonicum 110 were tested for their ability to suppress nodulation when they were substituted for the usual second inoculum of Nod' cells 10 h after the first Nod' inoculation. The results of two experiments with one mutant and three experiments with the other were identical (Table I) . Although there is a very small difference between the overall mean nodule yields of Nod-versus sham inocula (statistically just significant, P > 0.02, <.05), this is negligible compared to the difference between Nod' versus Nod-. Nod' cells suppressed about three-fourths ofthe nodules expected in the basal region from the first inoculum. (Fig. 1) . The Nod' cells in the second inoculum prevented the early enlargement of the CDCs in the basal region of the root, where the first inoculum was applied.
Nodulation after Longer Delay between Double Inoculations
Double inoculation experiments were carried out with a 17-h interval between the first and second inoculations, instead of the 10-h interval used previously (22) . This was only 2 h longer than the interval used by Pierce and Bauer (18) and should have resulted in the same suppression of apical nodulation that they obtained if optimization of the size of the first inoculum was the only factor determining the autoregulatory response. Nodule yields are shown for three experiments in Table III . The superoptimal second inoculation diminished the overall nodule yield on the primary roots. Figure 2 presents the data of Table III in terms of nodulation profiles (frequency distributions of nodules) along the primary roots. Clearly, the response to the first inoculation was strongly suppressed by the second inoculation, while the RELATIVE DISTANCE UNITS (RDU) Figure 2 . Nodulation profiles following different double inoculation sequences; the first and second inoculations were separated by 17 h. Each panel shows the mean nodule yield ± SE for the same root regions from three separate experiments. Data on the nodule yields for each experiment are given in Table Ill. response to the second was nearly unaffected by the response of the root to the first. If the second inoculum was made smaller than 109 cells/mL, suppression of nodulation in the first region was much less effective (data not shown).
DISCUSSION
The inability of the Tn5 mutants in the common nod ABC genes of Bradyrhizobium japonicum to alter the distribution of nodules produced by the first inoculum on the root suggests that the normal products of these genes are involved in eliciting the plant response which can suppress nodulation in that region. It is known that these mutants are unable to induce CDCs. They bind to the soybean roots, although their competitiveness with Nod' strains in this respect has not been evaluated (ST Takats, unpublished data). Their ability to bind indicates that the failure of the first inoculum to nodulate the base of the root after a second Nod' inoculum cannot be due to the physical displacement of bacteria from the site by the second inoculum. These mutants provide a better control for this possibility than simple sham inoculations. More cryptic interactions between the second inoculum and the first-e.g. nutritional competition, alteration in chemotactic behavior, alteration in the ability to aggregate, and so forth-are possible, but their effects on nodulation are unknown. The physiological basis for the failure to nodulate will require much better knowledge of the inductive effects of root secretions on local concentrations of bacteria.
The present results showed suppression of basal nodules even after the second inoculum was delayed 17 h. When the second inoculum was the same size as the first, the first peak was usually reduced, but there was no clear second peak; instead, the nodule distribution was nearly continuous in the apical direction (data not shown). Heron and Pueppke (9) have already obtained results of exactly this type, using two inocula of equal size and delaying the second inoculum 15 h (see their Fig. 3) . The results of Heron and Pueppke were obtained under conditions duplicating those used by Pierce and Bauer (18) , while the present results were obtained with a different soybean cultivar and different B. japonicum strain. The fact that they agree suggests that the failure to obtain a second nodulation peak (9, 18) was due simply to concentration of bacteria used in the second inoculum. Soybean roots clearly show a reduction of nodule yield in response to large inoculum doses of B. japonicum (18, 22) . Thus, it is not anomolous to find that a large second inoculum delivered to the root shortly after the first inoculum will reduce nodule yield; the only peculiarity is that the effect is localized basally in the root.
The failure of basal nodulation has been correlated here with the failure of basal CDCs to develop; the defect appeared within 3 d after the first inoculation and before nodules normally appeared. Calvert (14) but seem to require the formation of CDCs in the root cortex (4) . CDC formation occurs within 24 h after inoculation, before actual infection of the root (6, 23) . In clover and alfalfa, investigations with various sym- 
